Key Messages
============

-   Stress causes functional disorders in the upper gastrointestinal tract. This study aims to examine the effect of ghrelin signaling on gastric dysfunction in restraint-stressed mice.

-   Restraint stress caused delayed gastric emptying, decreased gastric motility, and plasma acylated/des-acyl ghrelin imbalance.

-   Supplementation of acylated ghrelin or rikkunshito may be useful in the treatment of decreased gastric function caused by stress.

Introduction
============

Physical or psychological stress responses cause psychiatric symptoms such as depression and may induce motility disorders in the upper gastrointestinal tract. Dysmotility of the stomach or duodenum, in particular, leads to early satiety, bloating, and loss of appetite.[@b1] Abnormalities in gastrointestinal motility have also been reported in experimental stress models such as restraint[@b2] and fatigue.[@b3] However, the mechanism of gastrointestinal dysmotility under stressed conditions remains unclear.

Ghrelin is an orexigenic hormone mainly secreted from the stomach, and it plays an important role in the motility of the stomach and duodenum.[@b4],[@b5] Ghrelin is present in peripheral blood in two main forms: acylated and des-acyl. The former is an active form and the latter is a metabolite of acylated ghrelin formed by removal of the octanoyl group by an esterase or other enzyme. To enhance gastrointestinal motility, acylated ghrelin transmits signals to the brain via the growth hormone secretagogue receptor (GHS-R), which is expressed on vagal afferent nerve terminals in the stomach.[@b6],[@b7] The peak of plasma acylated ghrelin levels is reported to be strongly associated with spontaneous phase III-like contractions in rats.[@b8] Furthermore, administration of the ghrelin receptor antagonist \[D-Lys^3^\]-GHRP-6 abolishes these phase III-like contractions in rodents.[@b8],[@b9] These findings suggest that endogenous ghrelin signaling seems to play a key role in the regulation of gastric motility in fasted rodents. In contrast, physiological role of des-acyl ghrelin for upper gastrointestinal motility is much less clear.[@b10]--[@b13]

Reports regarding plasma acylated ghrelin level in a stressed condition are inconsistent. It has been reported that exposure to water avoidance stress[@b14] and chronic restraint stress[@b2],[@b3] increases the plasma acylated ghrelin levels. On the other hand, novel environment stress has been reported to decrease them.[@b15] Although these mixed results indicate room for debate regarding the role of ghrelin in stress, compelling evidence from clinical[@b16],[@b17] and experimental studies[@b18],[@b19] suggests that the exogenous supplementation of acylated ghrelin may improve stress-induced gastric dysfunction. However, this issue has not yet been directly tested.

Kampo medicine is a traditional Japanese medicine prepared by combining prescribed amounts of specific raw botanical materials. Importantly, it is covered by the Japanese health insurance system. Several types of Kampo medicine have proven effective in the treatment of gastrointestinal tract disorders.[@b20] Rikkunshito, one of Kampo medicines, is commonly prescribed in Japan to treat dyspeptic symptoms.[@b21],[@b22] In a double-blind controlled study, rikkunshito significantly improved upper gastrointestinal symptoms, such as nausea and anorexia, in patients with functional dyspepsia.[@b23] Several studies using healthy human volunteers,[@b24],[@b25] patients with functional dyspepsia,[@b26] and dog[@b27] and rodent[@b5],[@b28],[@b29] models of gastrointestinal disease have demonstrated that rikkunshito enhanced gastric emptying and food intake by increasing endogenous acylated ghrelin levels or by enhancing ghrelin signaling. In addition, 10-gingerol and atractyrodin, which are active ingredients in rikkunshito, were demonstrated to inhibit deacylation of endogenous acylated ghrelin[@b30] and to increase ghrelin receptor sensitivity.[@b29] However, there are few reports demonstrating the efficacy of rikkunshito on upper gastrointestinal dysfunction in a stressed condition.

The aim of this study was to determine whether supplementation of exogenous acylated ghrelin or potentiation of endogenous ghrelin signaling by rikkunshito has an ameliorating effect on stress-induced gastric dysfunction.

Materials and Methods
=====================

Animals
-------

Male ICR mice aged 6--7 weeks (Charles River Laboratories, Yokohama, Japan) were used. Mice were housed in individual cages and maintained in a room with controlled temperature and humidity under a 12-h (07:00--19:00 h) light/dark cycle and free access to food and water. Before the experiments, mice were acclimated for at least 5 days to the environmental conditions. All experiments were performed between 09:00 and 18:00 h, and they were approved by experimental animal ethics committees of Tsumura & Co. (Tokyo, Japan; permit no. 10-054, 10-135, 11-139) and were conducted according to their guidelines. To avoid the influence of diurnal variations, blood and tissue samples were collected between 13:00 and 16:00 h.

Chemicals
---------

Rat acylated ghrelin (Peptide Institute, Osaka, Japan) and ghrelin receptor antagonist, \[D-Lys^3^\]-GHRP-6 (Bachem, Bubendorf, Switzerland), were dissolved in sterilized physiological saline (Otsuka Pharmaceutical, Tokyo, Japan) before use. Rikkunshito (Tsumura & Co.), as described in the revised 16th edition of the Japanese Pharmacopoeia, was used as a powdered extract manufactured by spray drying of the hot-water extract of a mixture of eight varieties of crude drugs: *Atractylodis lanceae rhizoma*, *Ginseng radix*, *Pinelliae tuber*, *Hoelen*, *Zizyphi fructus*, *Aurantii nobilis pericarpium*, *Glycyrrhizae radix*, and *Zingiberis rhizoma*, and suspended in distilled water.

Induction of restraint stress
-----------------------------

Mice were placed in 50-mL centrifuge tubes perforated for ventilation to load stress, as previously reported.[@b31] The tube was large enough to restrain a mouse, allowing it to move its limbs and head, but not to move back and forth.

Measurement of solid gastric emptying
-------------------------------------

Gastric emptying was measured through a slight modification in the method by Zheng *et al*.[@b2] Briefly, mice were fasted for 24 h with free access to water, after which they received preweighed standard chow (MF; Oriental Yeast, Tokyo, Japan) for 20 min, followed by restraint stress loading. The mice were decapitated after 60 min of restraint, the pylorus and cardia were clamped, and the stomach was removed (Fig. S1A). The gastric content was collected in a preweighed centrifuge tube with distilled water, centrifuged, dried overnight at 45 °C, and weighed to obtain the dry weight of the gastric content. We calculated the amount of food intake as the difference between the preprandial and postprandial food weight. Gastric emptying was calculated according to the following formula: gastric emptying (%) = (1 − dried weight of gastric content/amount of food intake) × 100.

Fixation of strain gauge force transducer
-----------------------------------------

Mice were fasted overnight and anesthetized by intraperitoneal injection of pentobarbital sodium (Kyoritsu Seiyaku, Tokyo, Japan). After a midline laparotomy, a single-channel strain gauge force transducer (5 × 3 mm, F-04IT; Star Medical, Tokyo, Japan) with sensitivity of 40--60 *μ*V/g with a bridge excitation voltage of 2 V was sutured to the serosal surface of the antrum in a direction that made it possible to measure circular muscle contractions. A transmitter (IMT-10T; Star Medical) was implanted subcutaneously on the backs of the mice to enable wireless measurement of contractions in the antrum, and the abdominal cavity was then closed. After surgery, mice were housed individually and given food and water *ad libitum*. Mice were allowed to recover for 1 week before the experiment (Fig. S1B).

Analysis of gastric motility
----------------------------

After 24 h of fasting, antral contractions were measured in conscious, freely moving mice (Fig. S1B). The electrical signal was wirelessly transmitted to the receiver (IMT-10RA; Star Medical). Recording and analysis were performed with the recommended software package (Eight Star; Star Medical). After monitoring interdigestive contractions for \>2 h, mice were loaded with restraint stress for 60 min; the control group was lightly raised by the tail. In measurements of postprandial gastric motility, mice received standard chow for 20 min followed by 60 min of restraint stress. The effects of restraint stress on gastric motility were evaluated by changes in the motility index (MI). Motility index was defined as mean of area under contractility recording curve per minute. Baseline shifts were corrected by adjusting the waveform display before analysis. The percentage change in MI in fasting conditions was calculated as the ratio of MI during 60 min of restraint to that before restraint. The percentage change in MI for postprandial conditions was calculated as a ratio of MI during 60 min of restraint to that during eating for 20 min.

Measurement of hormone and enzyme levels
----------------------------------------

To examine the changes in plasma corticosterone and ghrelin levels and gastric ghrelin *O*-acyltransferase (GOAT) content during restraint stress, mice were exposed to restraint stress, and blood and stomach samples were collected under isoflurane anesthesia from different animal groups at each time point (Fig. S1C). Blood was collected from the abdominal vena cava as previously reported[@b28] in a tube containing EDTA-2Na (Dojindo Laboratories, Kumamoto, Japan) and aprotinin (Wako Pure Chemical Industries, Osaka, Japan), and it was immediately centrifuged at 4 °C. Plasma was acidified with 1 M HCl (1/10 volume) and stored at −80 °C until measurement. Stomach samples were homogenized in phosphate buffered saline containing 1/100 volume of protease inhibitor solution. The homogenate was frozen at −20 °C overnight, freeze thawed twice to destroy a cell membrane, and centrifuged. The supernatant was stored at −80 °C until measurement. Corticosterone levels were measured with non-acidified plasma samples using an AssayMax Corticosterone enzyme-linked immunosorbent assay (ELISA) Kit (AssayPro, St. Charles, MO, USA). Ghrelin levels were measured using the Active- and Des-acyl-Ghrelin ELISA Kit (Mitsubishi Chemical Medience, Tokyo, Japan). GOAT contents were measured using the Mouse GOAT (MBOAT4) ELISA Kit (Cusabio Biotech, Wuhan, China) and corrected by amount of total protein in the stomach.

Measurement of plasma carboxylesterase (CES) activity
-----------------------------------------------------

To examine the changes in plasma CES (EC 3.1.1.1) activity, fasted mice were given food for 20 min and then exposed to restraint stress. Blood was collected under isoflurane anesthesia from different animal groups at each time point (Fig. S1C). The activity of CES was determined by measuring the hydrolysis of *α*-naphthyl acetate. After preincubation of the sample solutions for 20 min with 0.01 U CES (Sigma-Aldrich, St. Louis, MO, USA) in 100-mM phosphate buffer (pH 7.0), 10 *μ*L of 20-mM *α*-naphthyl acetate was added. Absorbance was measured at 321 nm every 15 s for 10 min. The rate of the absorbance increase (Δ321 nm/s/mL) was calculated as the amount of enzyme hydrolytic activity.

Total RNA extraction for reverse transcription-polymerase chain reaction (PCR)
------------------------------------------------------------------------------

After an overnight fast, mice were given food for 20 min and then exposed to restraint stress. Stomach was collected under isoflurane anesthesia from different animal groups at each time point (Fig. S1C). Stomach samples were homogenized and total RNA was extracted according to the protocol from the RNeasy Universal Tissue Kit (Qiagen, Valencia, CA, USA). Total RNA from each sample was diluted to 100 ng/*μ*L and incubated at 70 °C for 5 min and then cooled on ice. An aliquot of 1000 ng of total RNA was reverse transcribed using the TaqMan Reverse Transcription Reagent kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer\'s protocol. Quantitative PCR was performed with the Prism 7900HT Sequence Detection System (Applied Biosystems) using the TaqMan Gene Expression Master Mix (Applied Biosystems). To compensate for the differences in the amount of total RNA added to each reaction, mRNA expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as an endogenous control as expressed by the Δ threshold cycle (ΔC~t~) value: ΔC~t~ = 2^(−\|A−B\|)^, where A is the number of cycles that reached the endogenous control gene threshold and B is the number of cycles that reached the target gene threshold. The set of oligonucleotide primers and fluorescent probes for TaqMan real-time PCR were manufactured by Applied Biosystems (Gapdh: Mm99999915_g1, GOAT: Mm01200389_m1).

Comparison of clearance of plasma des-acyl ghrelin
--------------------------------------------------

After an overnight fast, mice were administered des-acyl ghrelin (0.3 nmol/mouse) intraperitoneally and immediately exposed to restraint stress. After 15 or 60 min, blood was taken from the abdominal vena cava under isoflurane anesthesia from different animal groups at each time point (Fig. S1D). The experiment was carried out similarly in non-stressed (control) mice. Plasma des-acyl ghrelin levels were measured as described above.

Effect of acylated ghrelin and rikkunshito administration on gastric emptying and motility
------------------------------------------------------------------------------------------

To examine the effect of acylated ghrelin and rikkunshito on gastric emptying and motility of the mice exposed to restraint stress, acylated ghrelin (1 or 3 nmol/mouse),[@b15] \[D-Lys^3^\]-GHRP-6 (0.2 *μ*mol/mouse),[@b15] which is a ghrelin receptor antagonist, or saline were intraperitoneally administered to mice. The acylated ghrelin dose that we used has been proven to inhibit the decrease in food intake observed in stress models.[@b15] Furthermore, we used a dose of \[D-Lys^3^\]-GHRP6, which has no demonstrable effect on basal food intake, but blocks the improvement in food intake caused by rikkunshito administration.[@b15] Immediately after, rikkunshito (100, 250 mg/kg) or distilled water was orally administered, followed by restraint stress loading. Gastric emptying and gastric motility after 60 min of restraint were measured as above (Fig. S1A and B). The effect of drugs on gastric motility was evaluated as the percentage change in MI between MI during 20 min eating and MI 20 min after drug administration.

Effect of rikkunshito administration on plasma ghrelin levels in mice exposed to acute restraint stress
-------------------------------------------------------------------------------------------------------

To examine the effect of rikkunshito on plasma acylated and des-acyl ghrelin levels of the mice exposed to restraint stress, rikkunshito (250 mg/kg) or distilled water was orally administered, which was then followed by restraint stress loading. After 30 min, blood was taken from the abdominal vena cava under isoflurane anesthesia, and plasma acylated and des-acyl ghrelin levels were measured as described above.

Statistical analyses
--------------------

Student\'s *t*-test was used to assess differences between control and stress group. Dunnett\'s test was used for multigroup comparisons among the vehicle-treated stress group and treatment groups, while the Tukey--Kramer test was used for multiple comparisons among the treatment groups. Data are expressed as mean ± SEM, and *p* \< 0.05 was considered statistically significant.

Results
=======

Effect of acute restraint stress on plasma corticosterone levels and gastric emptying
-------------------------------------------------------------------------------------

Plasma levels of corticosterone were significantly higher in restraint stress mice after 60 min of restraint stress than in the control mice in fasting state (Table[1](#tbl1){ref-type="table"}). In addition, solid gastric emptying during that time was significantly lower in the restraint stress mice than in the control mice (Table[1](#tbl1){ref-type="table"}).

###### 

Effect of acute restraint stress on plasma corticosterone levels and gastric emptying

              Plasma corticosterone (ng/mL)                       Gastric emptying (%)
  ----------- --------------------------------------------------- ---------------------------------------------
  Control     814.0 ± 115.2                                       71.7 ± 3.1
  Restraint   1417.3 ± 126.0[\*\*](#tf1-2){ref-type="table-fn"}   59.6 ± 3.9[\*](#tf1-1){ref-type="table-fn"}

Plasma corticosterone levels in fasted mice and solid gastric emptying were measured after 60 min of restraint; *n* = 7--8;

*p* \< 0.05,

*p* \< 0.01 *vs* control.

Effect of acute restraint stress on gastric motility
----------------------------------------------------

The strain gauge force transducer measurements showed a typical group of contractions, called phase III-like contractions, in the antrum of the fasted mice (Fig.[1](#fig01){ref-type="fig"}A). As shown in Fig.[1](#fig01){ref-type="fig"}A, the frequency of phase III-like contractions was considerably decreased in the restraint stress mice. As shown in Fig.[1](#fig01){ref-type="fig"}B, the phase III-like contractions observed in both groups during fasting disappeared after 20 min of feeding and contractions transitioned to a postprandial pattern. In the control mice, postprandial contractions were observed even after the chow was removed, but postprandial gastric antral contractions were considerably decreased in the restraint stress mice.

![Effect of acute restraint stress on gastric motility. (A) Gastric motility in the fasting state. The phase III-like contractions (▽) were attenuated by restraint stress. (B) Gastric motility in the postprandial state. The phase III-like contractions (▽) were abolished by feeding and restraint stress attenuated postprandial gastric antral contractions. (C) Percentage change in the motility index after restraint stress loading. The motility index was significantly decreased by restraint stress in both fasting and postprandial states; *n* = 5--6; \**p* \< 0.05 *vs* control.](nmo0026-0821-f1){#fig01}

The percentage changes in MI were significantly lower in the restraint stress group than in the control group in both fasting and fed states (Fig.[1](#fig01){ref-type="fig"}C).

Plasma corticosterone and ghrelin levels in mice exposed to acute restraint stress in the postprandial state
------------------------------------------------------------------------------------------------------------

Blood was collected in fed conditions and the effects of restraint stress on postprandial plasma levels of corticosterone and ghrelin were examined. Corticosterone levels decreased slowly in the control group (at 0 min, 224.6 ± 23.4; at 60 min, 74.2 ± 14.4 ng/mL; *p* = 0.002), but markedly increased in the restraint stress mice after 15 min of exposure stress; the difference with respect to the control group was significant at 15, 30, and 60 min (Fig.[2](#fig02){ref-type="fig"}A).

![Plasma corticosterone and ghrelin levels in restraint stress mice in the postprandial or the fasting state. After overnight fasting, mice were exposed to restraint stress following 20 min of either feeding or continued fasting. Blood was collected under isoflurane anesthesia. (A--D) Plasma corticosterone, acylated ghrelin, des-acyl ghrelin levels, and the ratio of plasma acylated to des-acyl ghrelin levels (A/D ratio) in the postprandial state. (E--H) Plasma corticosterone, acylated ghrelin, des-acyl ghrelin levels, and the A/D ratio in the fasting state. *n* = 7--8/group/time point; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 *vs* control. ^\#^*p* \< 0.05 *vs* "−20 min" group.](nmo0026-0821-f2){#fig02}

Plasma acylated ghrelin levels markedly decreased after 20 min of feeding, but no changes were observed until 60 min afterward regardless of exposure to restraint stress (Fig.[2](#fig02){ref-type="fig"}B). In contrast, plasma des-acyl ghrelin levels decreased slowly in the control group (at 0 min, 496.9 ± 33.5; at 60 min, 320.7 ± 36.2 fmol/mL; *p* = 0.006), but significantly increased in the restraint stress group and reached a maximum after 30 min of exposure to stress (Fig.[2](#fig02){ref-type="fig"}C). In addition, the ratio of plasma acylated ghrelin levels to des-acyl ghrelin levels (A/D ratio) significantly decreased after exposure to stress (Fig.[2](#fig02){ref-type="fig"}D).

In fasting conditions, 30 and 60 min of exposure to stress caused plasma corticosterone levels to increase significantly compared with the control group (Fig.[2](#fig02){ref-type="fig"}E). In addition, plasma acylated ghrelin levels tended to increase after 30 min of exposure to restraint stress, while des-acyl ghrelin levels significantly increased after 15 and 30 min of exposure to stress (Fig.[2](#fig02){ref-type="fig"}F and G). The A/D ratio significantly decreased after exposure to stress (Fig.[2](#fig02){ref-type="fig"}H).

Effect of acute restraint stress on plasma CES activity
-------------------------------------------------------

We compared plasma CES (one of the deacylation enzymes) activity between the control and restraint groups. No change in enzyme activity was observed under restraint stress (Fig.[3](#fig03){ref-type="fig"}).

![Effect of acute restraint stress on plasma carboxylesterase activity. After an overnight fast, mice were given food for 20 min and then exposed to restraint stress. Blood was collected under isoflurane anesthesia. *n* = 7--8/group/time point.](nmo0026-0821-f3){#fig03}

Effect of acute restraint stress on gastric content and mRNA expression of GOAT
-------------------------------------------------------------------------------

We examined whether gastric protein content and mRNA expression of GOAT, an enzyme on which octanoylate ghrelin exerts biological activities, changed with restraint stress. There was no difference in either protein content or mRNA expression between the control and restraint groups (Fig.[4](#fig04){ref-type="fig"}A and B).

![Effect of acute restraint stress on gastric content and mRNA expression of ghrelin *O*-acyltransferase (GOAT). After an overnight fast, mice were given food for 20 min and then exposed to restraint stress. Stomach was collected under isoflurane anesthesia. (A) Content of GOAT. (B) GOAT mRNA expression. *n* = 8/group/time point.](nmo0026-0821-f4){#fig04}

Effect of acute restraint stress on clearance of plasma des-acyl ghrelin
------------------------------------------------------------------------

When 0.3 nmol of des-acyl ghrelin was intraperitoneally administered to the mice, plasma des-acyl ghrelin levels increased after 15 min and decreased after 60 min in both the control and the restraint groups (Fig.[5](#fig05){ref-type="fig"}). There was no difference in plasma des-acyl ghrelin levels between the control and restraint groups.

![Effect of acute restraint stress on clearance of plasma des-acyl ghrelin. After an overnight fast, mice were administered des-acyl ghrelin (0.3 nmol/mouse) intraperitoneally and immediately exposed to restraint stress. After 15 or 60 min, blood was taken from the abdominal vena cava under isoflurane anesthesia. *n* = 7--8/group/time point; \**p* \< 0.05 *vs* control.](nmo0026-0821-f5){#fig05}

Effects of acylated ghrelin or rikkunshito administration on delayed gastric emptying induced by acute restraint stress
-----------------------------------------------------------------------------------------------------------------------

The effects of exogenous and endogenous acylated ghrelin supplementation on delayed gastric emptying induced by restraint stress were examined. Gastric emptying was significantly delayed after 60 min of exposure to stress. Administration of acylated ghrelin significantly improved delayed gastric emptying at a dose of 3 nmol/mouse (*p* = 0.01; Fig.[6](#fig06){ref-type="fig"}A). Administration of rikkunshito (100, 250 mg/kg) significantly improved delayed gastric emptying in a dose-dependent manner (Fig.[6](#fig06){ref-type="fig"}B). The improvement of delayed gastric emptying effected by rikkunshito (250 mg/kg) was reversed by coadministration of the ghrelin receptor antagonist \[D-Lys^3^\]-GHRP-6 (Fig.[6](#fig06){ref-type="fig"}C).

![Effects of acylated ghrelin or rikkunshito administration on gastric emptying in restraint stress mice. After fasting, mice were given food for 20 min and exposed to restraint stress. Gastric emptying was measured after 60 min of restraint. (A) Effects of acylated ghrelin (1, 3 nmol/mouse, i.p.) administration. (B) Effects of rikkunshito (100, 250 mg/kg, p.o.) administration. (C) Effects of coadministration of rikkunshito (250 mg/kg, p.o.) and a ghrelin receptor antagonist \[D-Lys^3^\]-GHRP-6 (0.2 *μ*mol/mouse, i.p.). RKT: rikkunshito, D-Lys: \[D-Lys^3^\]-GHRP-6. *n* = 5--13; ^\#\#^*p* \< 0.01 *vs* control. \**p* \< 0.05, \*\**p* \< 0.01, NS, not significant *vs* vehicle-treated restraint stress mice. †*p* \< 0.05 *vs* rikkunshito-treated restraint stress mice.](nmo0026-0821-f6){#fig06}

Effects of acylated ghrelin or rikkunshito administration on decreased postprandial gastric motility induced by acute restraint stress
--------------------------------------------------------------------------------------------------------------------------------------

The effects of acylated ghrelin supplementation on decreased postprandial gastric motility induced by restraint stress were examined. A gastric motility pattern is shown in Fig.[7](#fig07){ref-type="fig"}A. Although postprandial gastric antral contractions after 20 min of feeding were attenuated upon exposure to restraint stress, improvement of postprandial contractions was observed after administration of acylated ghrelin (3 nmol/mouse) or rikkunshito (250 mg/kg). The enhancing effect of rikkunshito (250 mg/kg) on gastric motility was not seen when coadministered with the ghrelin receptor antagonist \[D-Lys^3^\]-GHRP-6. The percentage changes in MI after drug administration are shown in Fig.[7](#fig07){ref-type="fig"}B. These results were similar to those from the gastric emptying measurement experiment as shown in Fig.[6](#fig06){ref-type="fig"}C.

![Effects of acylated ghrelin or rikkunshito administration on gastric motility in restraint stress mice. After fasting, mice were given food for 20 min. Acylated ghrelin (3 nmol/mouse, i.p.), rikkunshito (250 mg/kg, p.o.), or a ghrelin receptor antagonist \[D-Lys^3^\]-GHRP-6 (0.2 *μ*mol/mouse, i.p.) were administered and mice were then exposed to restraint stress. Gastric motility was measured in conscious, freely moving mice using a wireless strain gauge force transducer. (A) Effects of drugs on gastric motility decrease induced by restraint stress. (B) Effects of drugs on the percentage change in the motility index. RKT: rikkunshito, D-Lys: \[D-Lys^3^\]-GHRP-6. *n* = 4--8. ^\#^*p* \< 0.05 *vs* control. \*\**p* \< 0.01, \*\*\**p* \< 0.001, NS, not significant *vs* vehicle (p.o., i.p.)-treated restraint stress mice.](nmo0026-0821-f7){#fig07}

Effect of rikkunshito administration on plasma ghrelin levels in mice exposed to acute restraint stress
-------------------------------------------------------------------------------------------------------

To examine whether the effect of rikkunshito on delayed gastric emptying and decreased gastric motility was mediated by the increasing plasma acylated ghrelin levels, we measured plasma ghrelin levels in rikkunshito-administered restraint-stressed mice. Rikkunshito administration affected neither plasma acylated nor des-acyl ghrelin levels 30 min after the onset of restraint stress when the increase in plasma des-acyl ghrelin levels was maximal (acylated ghrelin: vehicle-treated, 92.6 ± 17.0; rikkunshito-treated, 91.8 ± 11.9 fmol/mL; *p* = 0.97; des-acyl ghrelin: vehicle-treated, 675.1 ± 127.7; rikkunshito-treated, 626.5 ± 74.2 fmol/mL; *p* = 0.75).

Discussion
==========

In this study, we found that restraint stress caused a significant elevation of plasma des-acyl ghrelin levels in mice, although it did not affect plasma acylated ghrelin levels. In addition, administration of exogenous acylated ghrelin or rikkunshito, a ghrelin signal enhancer, improved delayed gastric emptying and decreased gastric antral contractions induced by restraint stress.

In our study, restraint stress significantly decreased phase III-like contractions in the fasting state and postprandial gastric contractions, and decreased gastric emptying. Previous study has already reported the similar results.[@b2] These results suggest that stress not only decreases stomach peristalsis, but also decreases the movements that mix stomach contents. We also observed a decrease from baseline over time in the fasting state. This indicates that excessive gastric relaxation occurs together with decreased peristalsis. Enhanced corticotropin-releasing factor (CRF) synthesis in stress-related regions of the brain is observed in experimental stress models,[@b32] and the activation of CRF receptors 1 or 2 results in decreased gastrointestinal function.[@b33]--[@b35] These findings suggest that CRF is associated with stress-induced gastrointestinal dysmotility. Furthermore, the decrease in both feeding and plasma ghrelin levels caused by psychological stress can be reversed by CRF1 receptor antagonist administration.[@b15] We hypothesize that abnormal ghrelin dynamics downstream of CRF are involved in the mechanism underlying dysmotility after acute stress. A previous study using water avoidance stress showed that total blood levels of ghrelin increased after 1 h of exposure to stress, but it failed to differentiate between acylated and des-acyl ghrelin.[@b14] Another research group reported that there was no change in plasma acylated or des-acyl ghrelin levels in the initial phase (until 24 h) in a rat model of chronic fatigue. Nevertheless, it did not provide any information regarding blood ghrelin levels in the very early phase (up to 4 h) of stress exposure.[@b3] Therefore, there is a lack of definitive information about the changes in ghrelin dynamics during the acute period of stress loading. This study therefore aimed to examine the acute changes in peripheral ghrelin levels together with gastric motor function after exposure to acute restraint stress.

In mice exposed to restraint stress after 20 min of feeding, there was no apparent change in acylated ghrelin levels, whereas there was a remarkable increase in des-acyl ghrelin levels in conjunction with decrease in the A/D ratio. As ghrelin blood levels are known to be greatly affected by feeding,[@b36] plasma ghrelin levels in fasted mice were also examined in the same manner. Although plasma acylated ghrelin levels tended to increase in fasted mice exposed to restraint stress, this increase was not statistically significant. In contrast, there was a significant increase in des-acyl ghrelin levels, similar to those in the fed condition, indicating that the observed dysregulation of ghrelin dynamics was most likely related to the restraint stress itself, rather than the experimental protocol.

Several recent studies have examined the pharmacological action of des-acyl ghrelin.[@b37] In a few reports, administration of des-acyl ghrelin resulted in a decrease in either food intake or gastric motility in fasted mice, and transgenic mice with overexpression of des-acyl ghrelin have delayed gastric emptying compared with wild-type mice.[@b10],[@b11] It is now believed that a decreased A/D ratio as well as the interaction between acylated ghrelin and des-acyl ghrelin influence feeding behavior and gastrointestinal motility.[@b13],[@b28],[@b38]--[@b40] Previous studies have suggested that a decreased A/D ratio may play a role in decreased food intake following the administration of lipopolysaccharides[@b38] or cisplatin[@b28] in rats. Moreover, other studies have shown that coadministration of des-acyl ghrelin with acylated ghrelin abolishes the effects of promotion of feeding behavior or intestinal motility.[@b13],[@b39],[@b40] From these results, it seems likely that des-acyl ghrelin may block the action of acylated ghrelin. However, conflicting results indicating that des-acyl ghrelin administration alone failed to affect food intake have been obtained.[@b37] The pathophysiological role of des-acyl ghrelin in the regulation of gastrointestinal motility remains a controversial issue, and further studies are required to clarify this topic.

To identify the mechanism underlying the increase in plasma des-acyl ghrelin after exposure to restraint stress, we studied the effects of restraint stress on the activity of the metabolizing enzymes of acylated ghrelin. Because des-acyl ghrelin is a metabolite of acylated ghrelin, it seemed reasonable to assume that peripheral deacylation enzyme activity was affected by restraint stress. Therefore, we compared plasma CES activity between the control and restraint groups; however, we failed to find any significant differences between them. Another possibility was the downregulation of GOAT activity (a mediator of des-acyl ghrelin octanoylation) in the stomach mucosa. Although this possibility was considered unlikely because there was no definite change in the gastric mucosal content of either the GOAT protein or its mRNA levels, it cannot be completely excluded because GOAT activity was not directly measured. Alternatively, decreased des-acyl ghrelin clearance from circulating blood may contribute to the increased des-acyl ghrelin levels in this restraint stress model. Unfortunately, we failed to find any significant differences in the clearance rates of des-acyl ghrelin from the circulating blood between the control and restraint groups.

Although most of the des-acyl ghrelin in the blood is generally believed to be produced by the degradation of plasma acylated ghrelin by peripheral esterases,[@b41]--[@b43] it is possible that both acylated and des-acyl ghrelin were secreted from the stomach into the blood. In support of this, a recent study by Sakata *et al*.,[@b44] which used isolated gastric mucosal cells, suggested that ghrelin-producing X/A-like cells secrete des-acyl ghrelin as well. In a future study, it should be determined whether des-acyl ghrelin secretion from the stomach is enhanced in the restraint stress model.

It was hypothesized that acylated ghrelin supplementation could play a role in improving stress-induced gastric dysmotility. To test this hypothesis, we examined the effects of administration of exogenous acylated ghrelin on delayed gastric emptying induced by exposure to restraint stress and found that delayed gastric emptying was improved by ghrelin supplementation. Similar results were obtained after the administration of rikkunshito. Rikkunshito has been reported to increase plasma acylated ghrelin levels[@b5],[@b28] and inhibit the deacylation of acylated ghrelin.[@b30] However, the administration of rikkunshito did not affect plasma acylated or des-acyl ghrelin levels in our restraint model. Interestingly, these effects of rikkunshito were almost completely abolished by coadministration of a GHS-R antagonist, suggesting that rikkunshito may improve stress-induced delayed gastric emptying and gastric dysmotility via the potentiation of endogenous ghrelin signaling.[@b29] We believe that the administration of a pharmacological dose of acylated ghrelin or rikkunshito caused an overwhelming dominance of ghrelin signaling, thereby ameliorating both gastric dysmotility and delayed gastric emptying. This suggests that administration of acylated ghrelin or rikkunshito may be effective to improve symptoms in functional dyspepsia, the onset of which is known to be influenced by stress.

In conclusion, administration of a pharmacological dose of exogenous acylated ghrelin or rikkunshito led to improvements in delayed gastric emptying and decreased gastric antral motility through supplementation of acylated ghrelin or promotion of its signal transmission in mice exposed to acute restraint stress. Thus, ghrelin supplementation or ghrelin signal enhancement may be an effective, novel approach to treat stress-induced gastric dysmotility.
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